rapid root length measurements (e.g., Ottman and Timm, 1984; Barnett et al., 1987; Burke and LeBlanc, Image analysis systems facilitate rapid measurement of root length 1988; Pan and Bolton, 1991; Kirchhof, 1992 information is available on the accuracy of root diamewhen the string diameter was less than one pixel smaller than the ter measurements. analysis system RHIZO (Ré gent Instruments, Qué bec) with regard to three issues associated with fine root measurements: (i) the accuracy of root length measure-
root overlap effect may be avoided by careful placement underestimated total length by Ͼ5%. It is therefore recommended of the roots in the image to be analyzed, though this is that users of image analysis systems determine this maximum length also tedious. Although statistical methods can provide per unit area for accurate determinations of total root length. In correction factors for root overlap, they are based on samples that contained different string diameters, the total sample rough estimates from empirical data. In addition to the length and average string diameter could accurately be measured.
uncertainties about root length measurement, very little
However, the length per diameter class was underestimated by Ͼ20% information is available on the accuracy of root diamewhen the string diameter was less than one pixel smaller than the ter measurements.
upper limit of the diameter class. Adjustment of diameter intervals
Our objective was to develop a set of experiments and increasing the scanner resolution are required to reduce this that can be used to evaluate the accuracy of fine root underestimation. Both the length and the angle of the short segments analyzed were found to influence diameter measurements. Similar measurements obtained using image analysis. For this sets of experiments are proposed for a rigorous evaluation of the purpose, we evaluated the performance of the image performance of other image analysis systems on root measurements.
analysis system RHIZO (Ré gent Instruments, Qué bec) with regard to three issues associated with fine root measurements: (i) the accuracy of root length measure-R oot length is one of the most important and widely ments for samples in which roots overlap, (ii) the accuused parameters for describing fine root systems racy in the distribution of length over different diameter and predicting their response to changes in the environclasses, and (iii) the accuracy of diameter measurements ment. The ratio of length to mass, that is the specific for root segments when using a small window size for root length, has also been widely used as an indicator image analysis. This latter objective arose from a probfor fine root morphology (Robinson and Rorison, 1983;  lem observed in the estimation of root diameter for Fitter, 1985) . Once roots have been separated from the single segments that lie at an angle from vertical or soil, the determination of their weight is not difficult.
horizontal planes of the window. Methods for measuring root length, however, can be tedious and onerous. The use of image analysis systems,
MATERIALS AND METHODS instead of techniques such as the line-intersection
Introduction to RHIZO method (Newman, 1966; Tennant, 1975) , has facilitated threshold of grayscale value. This procedure separates the background component from the root segments. The threshold image is used for diameter measurements and has only two colors: black for the roots, and white for the background. A second created image is called the skeleton image; this consists of a line, one pixel (picture element) in diameter, that is superimposed over each root image (Fig. 1) . RHIZO measures root length by scanning the length of the root skeleton. If a straight root is oriented vertically or horizontally, then the root length equals the sum of all the skeleton pixels. If a root is oriented diagonally at 45Њ, the root length is equal to the sum of the pixel diagonals. If the angle deviates from the above two orientations, then RHIZO uses a simple mathematical correction algorithm. Root diameter is measured from the threshold image at each skeletal pixel by multiplying the smallest number of pixels on a line perpendicular to the root axis by the pixel size. The direction of pixel displacement is again taken into account. Root diameter is not measured in areas These values provide a range from low to high densities that of branching or root crossing. In these critical areas, the diamecan normally found in routine measurements. The string (diter is extrapolated from measurements taken outside of the ameter 0.72 mm) was cut into pieces 4 and 6 cm long that crossing or branching areas.
were randomly arranged in a 72-cm 2 area. We also determined RHIZO accounts for root length and area in overlap situathe capability of RHIZO to assign all of these root segments tions by using a nonstatistical method (Ré gent Instruments, to the 0.5-to 1.0-mm diameter class, when using the diameter 1995). When root overlap occurs, a pixel in the root skeleton class width of 0.5 mm. Differences between measured lengths ideally has four neighboring skeleton pixels (Fig. 1 ). While and correct length were submitted to t-tests. overlap is easy to identify for angles around 90Њ, at obtuse or acute angles the roots crossing each other may share more
Exp. 2: Effect of Diameter on Length
than one skeleton pixel for a short distance. Thus, two cases and Diameter Measurements occur in which a skeleton pixel has three neighbors instead of four (Fig. 1) . The latter situation must be differentiated
The area of the root skeleton image that is potentially from branching, where correction for overlap is unnecessary. subjected to root overlap increases with the diameter of the RHIZO (Version 3.0.3) (Ré gent Instruments, 1995) was overlying root. We examined the recovery of a known string installed on a Macintosh microcomputer (Quadra 800, System length of 50.5 cm for three different diameters: 0.26, 0.76, and C1-7.1). Images were acquired using a desktop scanner (Scan-1.57 mm. These three diameters represent a typical wide range Jet 3c/T, Hewlett Packard, TX), equipped with two light of fine roots found in plants. Length was measured separately sources, one from below and the other from above. When for each string diameter; the average diameter, total length, roots are scanned with two light sources, they do not cast a and length per diameter class for three different diametershadow (shadows may distort diameter measurements). If not width classes (0.3, 0.4, and 0.5 mm) were then determined. otherwise stated, all measurements were carried out at a resoString segments of all three diameters were subsequently used lution of 300 dpi (dots per inch), which is equivalent to a pixel together, and similar measurements were made on this comside length of 0.085 mm.
posite sample. Results are reported for diameter classes increasing in 0.3-mm steps. In addition, we compared the average diameter measured by RHIZO with the calculated
Measurements
weighted mean of the known diameters in the composite samSince samples of known length were required for three out ple. Since the accuracy of diameter measurements is more of the four experiments, string and wire samples of known sensitive to pixel size than is the length measurement, the length and constant diameter were used. These were placed effect of pixel size on assigning length to diameter classes was on the scanner within a defined area of 9 by 8 cm. Each assessed at both 300 and 600 dpi resolutions and using identical measurement was replicated three times; for each replicate, sample arrangements. objects were removed from the scanner and then repositioned.
Differences in the percent of correct length measured for In all experiments assessing the effect of overlap, the string different diameter classes were assessed using ANOVA and or wire was randomly arranged on the scanner, which resulted a post hoc Tukey's test. The significance of differences in in many overlap situations. A micrometer was used to initially lengths in diameter classes between measurements using 300 determine the diameter of the string and wire. When fine and 600 dpi resolution was tested with paired t-test. roots were measured, they were placed directly on the scanner, and kept moist between measurements. All statistical analyses
Exp. 3: The Effect of Angle and Frame Size
were carried out in Systat, version 5.02 (SPSS, Chicago).
on Diameter Measurements
The part of the image being analyzed by RHIZO can be
Exp. 1: Effect of Length per Unit Area
defined by the user with a horizontally oriented square frame.
on Length Measurement
If one segment of a root is to be analyzed (e.g., the measureThe chance of root overlap increases with root density on ment of length and diameter between two branching points) the scanner. The chance of abutment also increases, since and the frame is not perpendicular to the root cylinder, the adjacent parallel roots are often closer together than the width root diameter may be underestimated (see Fig. 2 ). The proporof one pixel. We assessed the recovery of length for values tional error that results from underestimating the diameter at of string length per unit area of 1.4, 2.8, and 4.2 cm cm Ϫ2 , each end of the segment increases with decreasing segment length. We tested the effect of both angle and segment length which are equivalent to 1, 2, and 3 m of string, respectively. times. Length measurements of combined root fragments with overlap were compared with those calculated from the addition of individual root fragments of known length (measured with minimal overlap) and with lengths determined by the Tennant method (Tennant, 1975) . The Tennant method is a line-intersect method that is independent of the area of measurement and the length of the intercept line. Root length is calculated as the product of the number of intercepts and a length conversion factor which is based on the size of the grid used. RHIZO's length measurements were compared with those obtained using the Tennant method and with the length calculated from the addition of individual fragments using ANOVA and post hoc Tukey's multiple comparisons. Measurements were considered accurate if the probability level for the difference between RHIZO values and the other two overlapping roots on a pixel grid. In the situation on the right, the two roots share only one pixel, which has four neighboring pixels. In the situation on the left the two roots share two pixels, which have three neighboring pixels each. The latter situation must RESULTS be distinguished from branching points.
Exp. 1: Effect of Length per Unit Area on Length Measurement
on diameter determinations using a straight pencil graphite cylinder 0.72 mm in diameter. It was placed on the scanner Underestimation of the string length increased with at angles of 0Њ, 12Њ, 30Њ, and 45Њ from the vertical. Diameters the length per unit area (Fig. 3) . At a string length per were determined three times using frames of 0.5, 1, and 2 cm unit area of 1.4 cm cm Ϫ2 (for a string 1 m long), the image vertical lengths at different locations along the cylinder.
analysis system registered the correct string length with , a length per unit area value that would normally not Ͼ3% from the correct diameter, and the diameter of be exceeded in our routine measurements. Measurements of individual and combined fragments were each replicated three the string did not affect measurements of total length in the sample (t-test, P Ͼ 0.01). The measured lengths for the thick (81.9%) than for the medium (77.8%) and thin (72.2%) string; note that all these values are were 99.5, 99.3, and 100.3% of the correct length for the thin (0.26 mm), medium (0.76 mm), and thick (1.57 significantly different from the correct values of length over diameter (t-test, P Ͻ 0.001). Figure 5 shows that mm) diameters. However, the choice of diameter class (interval) did affect the lengths that were assigned to the peaks in the length over diameter distribution are clearly recognizable. Increasing the resolution from 300 the correct diameter classes (Fig. 4) . The closer the correct string diameter to the upper limit of the diameter to 600 dpi significantly improved the length over diameter measurements for the thin and medium diameter class, the greater the error in the length over diameter strings. Most of the length missing in a correct diameter classification. The greatest deviations from the correct classification was assigned to the next higher diameter length in the correct diameter class were obtained when class, but 10% of the string length for the thin and the upper class limit was 0.3 mm for the 0.26-mm-diamemedium diameter was assigned to classes above 1.5 mm ter string (a difference of 0.04 mm), the upper class (not shown in Fig. 5 ). limit was 0.8 mm for the 0.76-mm-diameter string (a Despite the significant underestimation of length for difference of 0.04 mm), and the upper class limit was the correct diameter classes, the average diameter of 1.6 mm for the 1.57-mm-diameter string (a difference the sample was accurately determined. The average diof 0.03 mm). In all of these cases, the difference between ameter was 98% of the weighted mean diameter at a the correct diameter and the upper diameter class limit resolution of 300 and 96% at 600 dpi. was less than the width of a pixel (0.085 mm). In the thin and medium string diameter samples, the variability
Exp. 3: The Effect of Angle and Frame Size
of the length over diameter measurements also inon Diameter Measurements creased with decreasing difference between the correct diameter and the upper diameter class limit (Fig. 4) .
Both the vertical frame length and the angle of interWhen combining strings of all three diameters in one section of the graphite cylinder significantly influenced sample (a length per unit area of 2.1 cm cm Ϫ2 ), RHIZO the diameter measurements (F-ratios 6.1 and 7.9, and measured 99.7% of the correct length. The length associ-P-values 0.007 and 0.001 respectively; ANOVA) ( Fig.  ated with the correct diameter class was more accurate 6). However, only at an angle of 45Њ and with a vertical frame length of 0.5 cm was the diameter significantly different from all other combinations of angle and frame size. As indicated by the standard deviation between measurements, the variation also increased at large angles for short segments.
Exp. 4: Reproducibility of Fine Root Measurements and Comparison with the Tennant Method
Measurements of tree and shrub fine root lengths and diameters were highly reproducible ( Table 1 ). The 0.05 and 0.01 probability levels, respectively (pairwise t-test).
DISCUSSION
Experiments 1 and 4 clearly demonstrated that the determination of a maximum value for root length per unit area is critical for accurate routine measurements. Despite the overlap correction in RHIZO, the measured root lengths were significantly different from the Tennant method above a length per unit area of 1.5 cm cm Ϫ2 . For length per unit area values around or below this threshold, measurements of total length in this study using RHIZO were accurate to within a 5% error margin. Coefficients of variation for the total length never exceeded 3.2%, and are smaller than those of other automated systems for root length measurements (Ottman and Timm, 1984; Barnett et al., 1987) . Root length measurements were found to be reproducible under different overlap situations, and at different densities (Table 1) . Since the overlap correction is effective at low densities, the underestimation of length that arises In this situation the parallel strings or roots are not recognized as individual roots, but as a single, largeaverage CV for the mean of three replicated measurediameter root. Users of image analysis systems thus have ments was 1.6%. Root lengths measured for combined to determine the optimal length per unit area for their and overlapping root fragments were similar to results particular situations, or alternatively they can determine obtained with the Tennant method and to those calcucorrection factors to compensate for the underestimalated through the addition of lengths measured for indition of length at high densities. vidual fragments with minimal overlap (Table 1) . Root Length per diameter class was significantly affected lengths determined by the Tennant method (Tennant, by the choice of diameter class intervals. The examples 1975) were significantly higher than values measured given in Fig. 4 , however, show that length per diameter by RHIZO and those calculated from measurement of class is underestimated when the difference between single fragments at three different levels of length per the correct diameter and the upper limit of the diameter unit area. However, only at the highest length per unit class is less than the size of one pixel. In our case, area of 1.93 cm cm Ϫ2 was the difference between root diameter class intervals of 0.5 mm, an interval frequently length measured by RHIZO with overlap and the calcuused by root researchers (Vogt and Persson, 1991) , gave lated values larger than 5% of the calculated value. The the best results for all string diameters. Our results show average difference in length per diameter class between that RHIZO can assign length to the correct diameter samples consisting of combined fragments, and the calclass within a 20% error margin when the operator culated length for single fragments, was 9.4% of the adjusts the diameter class width. For smaller diameters, correct length. Length per diameter class in overlap as in the tree and shrub fine root samples, error margins situations was both over-and underestimated for the tend to be much smaller. different diameter classes.
In overlap situations, string length was assigned to diameter classes larger than the correct one, although total length measured in the sample was accurately de- hof (1992) also described an underestimation of length † Within columns, means followed by the same letter are not significantly in each diameter class, and a total cumulative length of different at the 0.05 probability level (ANOVA and post hoc Tukey's test).
sample that was consistently slightly less than the correct length. It is therefore recommended that users of image Our results also suggest that the user should perform some preliminary measurements to determine average analysis systems investigate the relationship between length per diameter class and total root length of diameters of the different orders of fine roots for the species under investigation. This could be done by detheir samples.
termining the diameter ranges that contain the highest RHIZO measured the average sample diameter accupercentage of the total root lengths. It will be necessary rately even when the distribution of length per diameter to use different diameter intervals for this, and to adjust class was inaccurate. This demonstrated that the calculathe upper limit of diameter classes so that the difference tion of average diameter is independent of the length between peaks in the distribution of length over diameper diameter class assignment.
ter and the upper limit of diameter intervals is more Diameter measurements were affected when the obthan one pixel. This will allow optimization of diameter ject was intersected by a frame of short vertical length, class width, which will keep error margins small. at angles of 45Њ. Although RHIZO may not have been designed to analyze root segments within small frames,
